Abstract A comprehensive study on a finite-deformation gradient crystal-plasticity model which has been derived based on Gurtin's framework (Int J Plast 24:702-725, 2008) is carried out here. This systematic investigation on the different roles of governing components of the model represents the strength of this framework in the prediction of a wide range of hardening behaviors as well as rate-dependent and scalevariation responses in a single crystal. The model is represented in the reference configuration for the purpose of numerical implementation and then implemented in the FEM software ABAQUS via a user-defined subroutine (UEL). Furthermore, a function of accumulation rates of dislocations is employed and viewed as a measure of formation of short-range interactions. Our simulation results reveal that the dissipative gradient strengthening can be identified as a source of isotropic-hardening behavior, which may represent the effect of irrecoverable work introduced by Gurtin and Ohno (J Mech Phys Solids 59:320-343, 2011). Here, the variation of size dependency at different magnitude of a rate-sensitivity parameter is also discussed. Moreover, an observation of effect of a distinctive feature in the model which explains the effect of distortion of crystal lattice in the reference configuration is reported in this study for the first time. In addition, plastic flows in predefined slip systems and expansion of accumulation of GNDs are distinctly observed in varying scales and under different loading conditions.
Introduction
Crystal lattices are disrupted by point, line and surface defects such as dislocations, disclinations, voids and interstitial atoms [1, 2] . Experimental results have also shown that accumulation of defects gives rise to an intrinsic size-dependent response of crystalline materials along with inhomogeneous plastic flows on the micro-scale level [3] [4] [5] [6] [7] [8] [9] [10] . Prediction of such a size-dependent response requires incorporation of atomistic slip systems, gradient description and length-scale parameters into classical plasticity models.
Pertinent works on the development of classical crystal-plasticity theory have been presented in e.g., [11] [12] [13] . The general approach is an incorporation of the Schmid law into inelastic constitute models. Concerning the size-dependence modeling, it is well accepted that extension of conventional plasticity theories to strain-gradient plasticity is a promising approach. Comprehensive reviews of strain-gradient theories have been presented in [14] [15] [16] [17] . Studies on the non-uniform straining in crystalline materials show that flow and accumulation of dislocations play an important role in the accommodation of deformation in a crystal lattice [18, 19] . Furthermore, it is well accepted that statistically stored dislocation (SSD) and geometrically necessary dislocation (GND) densities could be simply described by plastic flow and its gradient, respectively [3, [20] [21] [22] . Geometrical foundations of dislocation density tensors associated with the torsion of crystal connection have been detailed in e.g., [1, 23] . In addition to the density of line defects, a measure of density of point defects was also proposed by Naghdi and Srinivasa [24] in a finite-deformation gradient crystal-plasticity framework. Studies on relationship between dislocation densities and material shear-strength can be found in [20, 21, 25] . A simplest form of small-deformation higher-order strain-gradient plasticity theory was proposed by Aifantis [26] , and further developed in [27, 28] . Aifantis introduced the Laplacian of equivalent plastic strain into a constitutive expression. Later, a class of higher-order strain-gradient theories using a couple stress [29] work-conjugate to strain gradient was proposed in [6, 30] and further generalized in [20, 31, 32] . It is worth mentioning that Acharya and Bassani [33, 34] developed a conventional plasticity theory with an incorporation of a strain-gradient term as an internal variable in hardening modulus. This theory has standard boundary conditions and no higher-order stresses. Furthermore, a comprehensive discussion on the similarities between an extension of Cosserat framework [35, 36] and strain-gradient theories has been reported by Forest et al. [37] [38] [39] .
Moreover, introducing a definition of GNDs tensor into strain-gradient continuum mechanics has been of great interest [40, 41] , and it reveals the physical interpretation behind the concept of strain-gradient crystalplasticity theories. Cermelli and Gurtin studied a variety of GND tensors [42, 43] . Moreover, Gurtin [44] introduced a framework in development of gradient crystal-plasticity model with incorporation of a system of microscopic stresses, which is consistent with microforce balance for each independent kinematic processes [32, [45] [46] [47] . This framework was greatly followed later [17, 43, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Cermelli and Gurtin [43] proposed a small-deformation gradient crystal-plasticity model which employs the microforce framework and a defect energy based on the GND tensor. In this study, microscopic force is simply decomposed into distributed PeachKoehler forces for the edge and screw dislocations [62] [63] [64] . Gurtin and Anand [55, 56] modified the straingradient theory detailed above for an irrotational-plasticity isotropic material in the framework of small and finite deformations. A detailed study on the comparison of stain-gradient theory in small and finite deformations has been presented by Gurtin [54] . In the gradient plasticity frameworks, length-scale parameters are employed to keep the dimensional consistency [30, 32] . Voyiadjis et al. investigated the identification of material lengthscale parameters from micro-and nano-scale experiments [10, 65, 66] , the resulting model is a physically based model of length-scale parameters for gradient isotropic-hardening plasticity.
As a review of recent studies on the large-deformation gradient crystal-plasticity, Clayton et al.
[67] employed a three-term multiplicative decomposition of the deformation gradient and studied the distortion of crystal lattice via a framework including the concept of dislocations and disclinations. Levkovitch and Svendsen [68] proposed a reformulation of a non-local single-crystal model which is accompanied by an additional kinematic-like hardening due to GNDs. Furthermore, a crystal-plasticity model incorporating additional differential equations for the evolution of GND densities was introduced in [69, 70] , in this model, dissipative gradient strengthening, gradient yield strengthening and dissipative length-scale are not taken in to account. A physically based strain-gradient crystal-plasticity theory was proposed via concept of micro-stress framework in [71] . Svendsen and Bargmann [72] studied a possible extension of selected small-deformation extended crystal-plasticity models to the large-deformation ones via variational approach. Finally, Gurtin [51] introduced a finite-deformation gradient crystal-plasticity model for a single crystal. This thermodynamically consistent model is based on the system of microforce balances and derived from the principle of virtual power. The free energy comprises two parts: a hyperelastic description for large-deformation compressible material and a defect energy in a frame-invariance form based on a net dislocation density [52, 73] . Moreover, a non-local rate-dependence flow rule is introduced, which incorporates an energetic back-stress, a dissipative gradient strengthening as well as dissipative self-and latent-hardening. Energetic and dissipative length-scale parameters and a function of accumulation rates of SSDs and GNDs are also taken into account.
As for numerical solution of large-deformation strain-gradient theories, an implementation method which introduces GND density as an additional nodal degree of freedom has been widely employed [69, 70, [74] [75] [76] [77] [78] [79] . Based on this method, Bargmann et al. [80, 81] studied the effect of dissipative microstress in the extension of two small-deformation yield-functions proposed in [74, 82] . Kuroda also employed similar implementation method in a study of a large-strain-gradient crystal-plasticity model developed via an additional higher-order back-stress description [69, 70] .
It can be concluded from the literature review that an understanding of large-deformation gradient crystalplasticity is of great interest. The model proposed by Gurtin [51] was claimed to cover a number of hardening behaviors. However, to the best of authors' knowledge, there is a lack of systematic study on the governing
